The reductive effect of pectin on tea catechin astringency was investigated by using a taste sensor system and 1 H-NMR spectroscopy. The sensor analysis revealed that the astringency of gallate-type catechins (EGCg and ECg) was reduced by the addition of pectin, whereas that of non-gallate-type catechins (EGC and EC) hardly changed. Changes in the 1 H-NMR chemical shifts of the catechins and pectin in mixed solutions showed that the gallate-type catechins formed complexes with pectin more closely than the non-gallatetype catechins. These results demonstrate that complexation between the gallate-type catechins and pectin is a factor for reducing catechin astringency.
The taste of foodstuffs is an extremely complicated system controlled by various factors such as the synergistic or inhibitory action among tasting substances. With the example of Japanese green tea liquor, (À)-epigallocatecin gallate (EGCg) of 0.82 mM, (À)-epicatechin gallate (ECg) of 1.2 mM, (À)-epigallocatechin (EGC) of 0.12 mM, and (À)-epicatechin (EC) of 0.31 mM (the structures of the catechins are shown in Fig. 1 ) are each included as astringent polyphenols when tea leaves (3 g ) have been infused in hot water (200 ml) at 90 C for 2 min. 1) However, if a solution including the catechins at the same concentrations is drunk, the taste is more astringent than that of the tea infusion itself. This phenomenon suggests that the astringency of catechins is reduced by other chemical components in the tea infusion. Taira et al. have found that persimmon astringency was reduced by a complex formation between pectin and tannins (high-molecular-weight polyphenols).
2) Pectin is certainly also present in the green tea infusion. 3, 4) Horie et al. have reported that tea catechin astringency was also mitigated by the addition of pectin. 5) However, the relationship between the structure of tea catechins and the degree of reduced astringency by pectin has not been clarified. Furthermore, it is not clear whether, in the case of low-molecular-weight polyphenols such as the tea catechins, they can form a complex with pectin. In the present study, the reductive effect on catechin astringency by pectin was investigated by means of a taste sensor system and 1 H-NMR spectroscopy. We report here the difference between the gallate-type catechins (gallic acid ester at the C 3 position of the carechins) and the non-gallate-type catechins (without the galloyl group) for both the astringency reduction by pectin and the interaction with pectin. The causality between the reduction of astringency and the complexation is discussed from the results.
Materials and Methods
Materials. All chemicals were obtained from commercial suppliers and used without further purification. EGCg and the other catechins were respectively purchased from Wako Pure Chem. Ind. (Osaka, Japan) and Nakahara Kagaku (Gifu, Japan). The pectin from citrus was a comercially available product from Wako Pure Chem. Ind.
Measurement of astringency by the taste sensor system. The electrical potential difference corresponding to the astringency of a sample solution was measured by the SA402B taste sensor system (Intelligent Sensor Technology Co., Ltd.), fitted with a sensor probe for . Nine 10 mM KCl aqueous solutions (10 ml) including the following compounds were prepared: i) EGCg (1.00 mg, 2.18 mmol), ii) ECg (0.964 mg, 2.18 mmol), iii) EGC (0.668 mg, 2.18 mmol), iv) EC (0.633 mg, 2.18 mmol), v) pectin (1.0 mg), vi) EGCg (1.00 mg, 2.18 mmol) and pectin (1.0 mg), vii) ECg (0.964 mg, 2.18 mmol) and pectin (1.0 mg), viii) EGC (0.668 mg, 2.18 mmol) and pectin (1.0 mg), and ix) EC (0.633 mg, 2.18 mmol) and pectin (1.0 mg). These sample solutions were assigned to two groups for measuring convenience: one was composed of the solutions of EGCg, ECg, EGCg/pectin, and ECg/pectin in order of one measurement cycle, and the other was composed of the solutions of EGC, EC, EGC/pectin, EC/pectin, and pectin in order of one measurement cycle. The measurement was automatically carried out for five cycles at 293 K for each group. * The acquisition time for the electrical potential differences (E sample ast and E
KClaq ast
) was 30 sec, and the interval between successive sample measurements for washing and stabilizing the sensor probe was 7 min. ** The average of three data excluding those in the first and last measuring cycles was adopted as the ÁE sample ast value for each sample solution.
1 H-NMR measurement. Nine sample solutions including the following compounds in deuterium oxide (D 2 O, 0.55 ml) buffered at pH 6 with 0.1 M NaH 2 PO 4 / Na 2 HPO 4 were prepared: i) EGCg (1.25 mg, 2.73 mmol), mol), ii) ECg (1.21 mg, 2.73 mmol), iii) EGC (0.84 mg, 2.73 mmol), iv) EC (0.79 mg, 2.73 mmol), v) EGCg (1.25 mg, 2.73 mmol) and pectin (1.25 mg), vi) ECg (1.21 mg, 2.73 mmol) and pectin (1.25 mg), vii) EGC (0.84 mg, 2.73 mmol) and pectin (1.25 mg), viii) EC (0.79 mg, 2.73 mmol) and pectin (1.25 mg), and ix) pectin (1.25 mg). NMR spectra were recorded by a JEOL JNM-LA 500 spectrometer. Chemical shift values are reported relative to tetramethyl silane ( ¼ 0:00 ppm) in carbon tetrachloride as an external standard inserted into an NMR tube ( ¼ 5 mm) with a coaxial cell. The digital resolution of the 1 H-NMR spectral data was 0.1 Hz, the measurements being carried out at 301 K.
Results and Discussion
The degree of reduced astringency by pectin for each catechin (EGCg, ECg, EGC, or EC) was investigated by the taste sensor system which mimics the human response to food taste. This system, which has been developed by the Toko group [6] [7] [8] and applied to evaluate the taste of medicines [9] [10] [11] and such foodstuffs as beer, 12) mineral water, 13) coffee, 14) and milk, 15, 16) has recently also been proved to be able to evaluate the degree of astringency of polyphenols, including some catechins. 17) The system is particularly suitable for expensive samples, because the taste sensor analysis can be performed on a much smaller amount than that required for a human sensory test.
As described in the Materials and Methods section, the degree of astringency is indicated by the ÁE sample ast value which decreases with increasing degree of astringency. The ÁE sample ast values for the nine sample solutions (EGCg, EGCg/pectin, ECg, ECg/pectin, EGC, EGC/pectin, EC, EC/pectin, and pectin) in a 10 mM KCl aqueous solution were À40:63, À34:21, À37:03, À32:82, À6:36, À6:12, À8:77, À8:37, and À0:70 mV, respectively. These results agree with those in a previous report which described that the gallate-type catechins were organoleptically more astringent than the non-gallate-type catechins. 18) This consistency proves that the taste sensor system could precisely evaluate the astringency of the four tea catechins. As Fig. 2 values by adding pectin were extremely small: they merely increased by þ0:24 and þ0:47 mV, respectively. The taste sensor experiments reveal that the addition of pectin reduced the astringency of the gallate-type catechins, while it hardly depressed the astringency of the non-gallate-type catechins. The increases in the ÁE sample ast values of the gallate-type catechin/pectin solutions (i.e. the reduction in astringency) did not result from simple additivity of the electrical potentials for the gallate-type catechins and pectin in the solutions, because the ÁE sample ast value for the pectin solution itself was virtually 0 mV. The increases were probably attributable to intermolecular interaction between the gallate-type catechins and pectin, because, if pectin had directly interacted with the lipid membrane of the sensor probe to prevent the catechin molecules from interacting with the lipid membrane, the ÁE sample ast values for the non-gallate-type catechin/pectin solutions should also have increased similarly to those for the gallate-type catechin/pectin solutions. These results suggest that the gallate-type catechins formed a complex with pectin more strongly than the non-gallate-type catechins to reduce the astringency.
In order to directly observe the intermolecular interaction between the gallate-type catechins and pectin, changes in the 1 H-NMR chemical shifts of the catechins with the addition of pectin were scrutinized. values for the gallate-type catechins ($0:0061 ppm) were larger than those for the non-gallate-type catechins, whose chemical shift changes were minimal: the shift change was only 0.0012 ppm even for the largest migration (C 2 -H of EGC). These results support the foregoing presumption that the affinity of the gallate-type catechins for pectin was higher than that of the non-gallate-type catechins, because it is considered that the Á catechin obs values are correlated with the binding ability of the catechins for pectin. 19) The 1 H-NMR chemical shift changes for pectin were also investigated. Although the signals for pectin with the catechins were generally slightly shifted upfield by 0.0000-0.0025 ppm in comparison with those of free pectin, substantial changes were apparent in the area shown in Fig. 4 . The signal indicated by the arrow markedly migrated with the gallate-type catechin/pectin solutions further upfield than with the non-gallate-type catechin/pectin solutions: the changes were À0:0055, À0:0061, À0:0018, and 0.0000 ppm for the EGCg/ pectin, ECg/pectin, EGC/pectin, and EC/pectin solutions, respectively. These results also support the notion that the gallate-type catechins formed a complex with pectin more tightly than the non-gallate-type catechins. The higher affinity of the gallate-type catechins for pectin would be attributable to the high hydrophobicity, 20) the many sites for hydrogen bonding (the hydroxy groups), and the high conformational flexibility *** in comparison with the non-gallate-type catechins.
The chemical shift changes shown in Figs. 4-c and -d are alike in the respect that the signals overall migrated upfield by similar behavior. These results suggest that the structure of the EGCg/pectin complex was similar to that of the ECg/pectin complex. Furthermore, the differences (Á values for the corresponding protons. **** These results imply that the conformational difference between EGCg and ECg in the complex with pectin diminished in comparison with that between EGCg and ECg without pectin; that is, EGCg and ECg in the complex would resemble each other in their conformation. On the other hand, in Fig. 3 , the profile of the chemical shift changes of EGCg is different from that of ECg. All chemical shifts of the protons in EGCg migrated downfield, whereas those in ECg shifted upfield, except for C 6 0 -H and either proton on the A-ring (C 6 -H or C 8 -H; it was difficult to distinguish C 6 -H from C 8 -H in the 1 H-NMR spectra). This phenomenon could be attributed to the difference between EGCg and ECg in their conformations without pectin.
Both a reduction in the astringency and migration of the 1 H-NMR chemical shifts occurred in the gallate-type catechin/pectin solution. On the other hand, such phenomena were hardly apparent in the non-gallatetype catechin/pectin solution. These results demonstrate that complexation between the gallate-type catechins and pectin was a factor in reducing the catechin astringency. To the best of our knowledge, the results reported here represent the first direct evidence for correlating the reduction of gallate-type catechin astringency by pectin with complexation of the gallate-type catechins with pectin. *** The 2,3-cis-catechins (EGCg, ECg, EGC, and EC) have pseudoaxial and pseudoequatorial conformers depending on the orientation of the B-ring. The energy barriers between the two conformers of the gallate-type catechins should be smaller than those of the non-gallate-type catechins, because both the 2,3-syn-substituents (the B-ring and the galloyl group) in the gallate-type catechins are bulky. Therefore, deformation of the gallate-type catechin molecule to a stable conformer in the complexation process would occur more easily than that of the non-gallate-type catechin molecule. **** The Á 
